Bath application
of N-methyl-aspartate induces fictive locomotor activity in the isolated spinal cord preparation of the lamprey, as well as TTX-resistant membrane potential oscillations in many individual neurons. This inherent oscillatory activity is shown to depend on a specific activation of Nknethyl-D-SSpSftSte (NMDA) receptors. This activation initiates voltage-dependent, magnesium-requiring membrane potential bistability, presumably due to a development of a region of negative slope conductance in the currentvoltage relation of the neuron. When sodium ions were removed from the bathing solution, oscillations disappeared, and the membrane potential was maintained at a hyperpolarized level, suggesting that the depolarizing current during the oscillatory cycle is mainly carried by sodium ions. The neuronal mechanisms underlying rhythmic motor acts have been successfully investigated in several "simple" preparations (e.g., Kristan and Weeks, 1983; Selverston and Moulins, 1985; Getting, 1986; Roberts et al., 1986) . The CNS of the lamprey, a primitive vertebrate, is a suitable model system for detailed study of the cellular bases of locomotion in vertebrates (Grillner et al., 1987b) . In the isolated preparation of the lamprey spinal cord, fictive locomotor activity can be induced by pharmacological activation of certain excitatory amino acid receptors: the N-methyl-D-aspartate (NMDA) receptor and the kainate receptor but not the quisqualate receptor (Grillner et al., 198 1; Brodin et al., 1985; cf. Watkins and Evans, 198 1; Davies and Watkins, 1983) . Not only does bath application of agonists for NMDA and kainate receptors evoke fictive locomotion, but specific antagonists will also block naturally initiated locomotor activity (e.g., spontaneously occurring or caused by sensory stimulation). Activation of these amino acid receptors thus appears to be a prerequisite for the occurrence of locomotor activity under normal conditions (Brodin and Grillner, 1985a, b) . Unitary synaptic potentials elicited by an activation of NMDA and kainate/ quisqualate receptors have recently been described in the lamprey spinal cord and furthermore it has been found that spinal interneurons acting via these excitatory amino acid receptors are of primary importance during fictive locomotion (Buchanan and Grillner, 1987; Dale, 1986) . During fictive locomotion, many rhythmically active spinal neurons display well-developed membrane potential oscillations, phase-locked to the efferent ventral root bursts. In myotomal motoneurons the depolarizing peaks of the potential fluctuations occur in phase with the ipsilateral ventral root discharge Wallen, 1980, 1983; Buchanan and Cohen, 1982) . They are due to synaptic activation of excitatory amino acid receptors of both the NMDA and kainate type (Dale, 1986) .
In the search for synaptic as well as nonsynaptic mechanisms (cf. Wall& et al., 1984) that may be of importance in the generation of locomotor activity, it was found that in the presence of an NMDA-receptor agonist, certain spinal neurons continued to show an oscillatory membrane potential even after TTX blockade of the normal, spike-mediated synaptic interactions (Sigvardt and Grillner, 198 1; Sigvardt et al., 1985) . These pacemaker-like membrane potential oscillations are reset by injected current pulses and are strongly affected by applied DC currents (Wall& and Grillner, 1985) . They are thus likely to be due to inherent properties of the individual neuron (Wall& and Grillner, 1985) . The TTX-resistant oscillations depend on an activation of NMDA receptors and require the presence of Mg2+ ions (Grillner and Wall&, 1985) . In the absence of Ca2+ ions, the membrane potential oscillations disappear and the cells remain depolarized (Grillner and Wall& 1985) .
Using voltage-clamp techniques, it has been shown that NMDA-receptor activation induces a region of negative slope conductance in the current-voltage relationship of neurons in mammals (MacDonald et al., 1982; Flatman et al., 1983 Flatman et al., , 1986 , as well as in lamprey (Moore et al., 1986) . A negative slope conductance is found in cells with pacemaker-like membrane potential oscillations (Smith et al., 1975) and in cells with a bistable membrane potential. The development of a region of negative slope conductance after activation of NMDA receptors is due to a voltage-dependent block of an inward current, carried mainly by sodium ions. The channel block results from the presence of Mgz+ ions at a physiological level Nowak et al., 1984; Mayer and Westbrook, 1985) . The MgZ+ ions are removed from the channel at more depolarized membrane potential levels (Mayer and Westbrook, 1987) . The TTX-resistant oscillations observed in lamprey neurons probably result from similar, bistable membrane properties. Not only do they show a marked voltage dependence, they also require the presence of magnesium, and they are associated with a negative slope conductance (Moore et al., 1986) . The aim of this paper is to describe the nature and possible significance of this oscillatory behavior in lamprey neurons. Preliminary reports of some aspects of the TTX-resistant membrane potential oscillations have appeared (Grillner and Wall&, 1985; Wall& and Grillner, 1985) .
Materials and Methods
Experiments were performed on isolated spinal cord pieces from the North American silver lamprey, Zchthyomyzon unicuspis (length, 15-25 cm) obtained from Iowa. Pieces of spinal cord (4-16 segments in length) were dissected out from the rostra1 half of the animal under MS-222 anesthesia (100 mdliter). freed from the notochord. and Dlaced ventral side up in a Syigard-i&ed chamber containing cooled (i-9%) and oxygenated physiological solution. The technique utilized for preparing the totally isolated spinal cord has been detailed elsewhere (Wall&n et al., 1985) . Experiments were performed during the first and often also during the second day after dissection. The chamber was continuously perfused with the aid of a circulation pump, and the composition of the bathing solution could be altered during recording. In most cases the control physiological solution contained (& mM): 9 lNaCl,2.1 KCl, 2.6 CaCl,, 1.8 MgCl,, 20 NaHCO,, 4 glucose, and was bubbled with 95% O,, 5% CO, to obtain a pH of about 7.4. In experiments with Na+ removal, the following control physiological solution was instead used (in mr& 96 NaCl. 2.1 KCl. 2.6 CaCl,. 1.8 M&l,. 15 Tris-buffer CDH j.76 at'5"Q and i glucose; bubbled with 100% 0,. Na+-free soluiion was prepared by replacing NaCl with equimolar amounts of Tris-buffer.
In some experiments MgCl, was omitted in order to study the activity under "Mg-free" conditions. In other experiments CaCl, was omitted or was replaced by BaCl, in equimolar amounts. To induce fictive locomotor activity as well as TTX-resistant membrane potential oscillations, NMDA or N-methyl-D,L-aspartate (NMA) was added to a final concentration of 50-300 FM (most commonly I50 PM). To block action potentials, TTX was added to the perfusion medium (usually 3 PM). Thus, unless stated otherwise, all solutions contained NMA and TTX.
Fictive locomotor burst activity was recorded from the cut ventral roots, which were sucked into glass tip suction electrodes. Intracellular recordings were made with conventional microelectrodes, filled with Lucifer yellow CH (5% in 0.3 M LiCl) or, in some cases, K-citrate (3 M) or K-acetate (3 or 4 M). Results obtained were the same using either electrolyte. Intracellular stimulation (DC an&or pulses) was given through the recording electrode or, in a few cases, via a second microelectrode placed in the same neuron. The contours of recorded cells could generally be visualized during the experiment using transillumination from below. The different types of recorded neurons were identified morphologically after iontophoretic filling with Lucifer yellow and after dehydration, clearing, and mounting of the preparation as a whole mount (cf. Stewart, 1978; Wall&n et al., 1985) . Motoneurons could also be identified physiologically by recording the time-locked ventral root unit, and CC interneurons (with axons projecting caudally in the contralateral half of the spiral cord) were identified by recording the axon spike in the contralateral, caudal end of the spinal cord (cf. Buchanan, 1982) . The different records were stored on FM tape and on a Mingograf inkwriter for subsequent analysis. The described effects were generally confirmed in at least 3 neurons. An oscilloscope with a UV paper recorder (Medelec) was utilized for preparing illustrations.
Results

General characteristics of TTX-resistant membrane potential oscillations
If the normal action potential-mediated synaptic interactions are blocked by the addition of TTX, the ventral root bursts occurring during NMA-evoked fictive locomotion will, as expected, decrease in amplitude and eventually disappear. If all aspects of the pattern of membrane potential oscillations were caused by synaptic input, one could predict that all signs of membrane potential oscillations would also disappear. This is what happens in many cells (60/l 56), although this group does not represent a random selection of neurons. In the majority of neurons (96/l 56), however, the synaptic "noise" disappears, but the cell continues to oscillate ( Fig. 1A ; Sigvardt and Grillner, 1981; Sigvardt et al., 1985) , either "spontaneously" (25/96) or in response to a weak de-or hyperpolarizing DC-current injection. Figure 1A :l shows a recording from a neuron during NMAinduced fictive locomotion, i.e., before TTX administration, with membrane potential depolarizations and spiking occurring in phase with the ipsilateral ventral root burst. After TTX application the cell spontaneously continued to produce potential oscillations without DC-current stimulation ( Fig. lA: 2). A general depolarization occurred during the TTX application in this case, and at this potential level the oscillation frequency was higher (about 2 Hz) than during fictive locomotion @:I). Upon injection of a weak hyperpolarizing DC current, however, the oscillations slowed to a frequency similar to that before TTX application and, in addition, increased in amplitude ( Fig. lA: 3; compare A:I). The TTX-resistant oscillations can thus be of similar amplitude and frequency as before addition of the blocker, i.e., during fictive locomotion.
Their shape is, however, modified to a smaller or larger degree ( Fig. 1 , A:l, 3; see also Sigvardt et al., 1985) .
The level of membrane potential at which the TTX-resistant oscillations appear is similar to that during fictive locomotion ( Fig. 1) . It is also evident that the TTX-resistant oscillations are powerfully influenced by alterations of the average membrane potential level (Fig. IA) . To further investigate this potential dependence while maintaining an accurate measure of membrane potential, some neurons were penetrated with 2 microelectrodes, one for passing DC current and the other for recording membrane potential. In the case illustrated in Figure 1 (VR) and in phase oscillations and spiking in the neuron as seen from the intracellular trace (ZC, spikes have been truncated). 2, After addition of TTX (3 PM), and with NMA still present, activity ceased in the ventral root while the membrane potential continued to oscillate without current injection. Note -50 mV membrane potential level indications in 1-2. In this cell a general depolarization had occurred between I and 2. The range of membrane potential spanned by the oscillations during fictive locomotion (I) was approximately 65-50 mV, and after TTX blockade (2) about 55-45 mV. 3, Upon injection of -0.4 nA DC current, oscillation frequency decreased while the amplitude became larger. Time and voltage calibrations in 3 apply to all records in A. B-C, Records from another neuron that was penetrated with 2 separate microelectrodes, one for current injection and the other for recording. This cell did not spontaneously oscillate without current injection. When hyperpolarizing DC current was applied (B), small-amplitude oscillations started to appear as the membrane potential level passed below -40 mV (dashed line in B:l-3).
When current strength was increased (up to -4.1 nA in this cell), the period of the oscillatory cycle was prolonged (B:2-4), while the amplitude of the depolarization peaks increased. At potential levels below about -70 mV, oscillations became irregular and eventually ceased (B:5). Time and membrane potential (mV) are indicated to the right. C, Relationship between membrane potential (abscissa), measured at the most negative point between depolarization peaks, and the period length of the oscillatory cycle for the neuron in B (ordinate). Mean values ? SEM except at 54 mV, which is a single value.
Dependence on NMDA-receptor activation
To test if the TTX-resistant membrane potential oscillations are due to a specific activation of NMDA receptors, a specific blocker, 2-amino-phosphono-valerate (2-APV; Davies et al., 198 l) , was administered to the bath while recording from an oscillating neuron in the presence of TTX and a constant level of NMA (Fig. 2) . 2-APV first caused a decrease of oscillation frequency and eventually a total cessation of oscillatory activity (Fig. 2B) . The membrane potential then remained flat at a hyperpolarized level (note the dashed lines in Fig. 2, A, B , indieating the hyperpolarized potential level of the control oscillations). When 2-APV was removed from the perfusion solution, the oscillations reappeared with peaks depolarizing from the previously constant potential level (Fig. 2C) . Thus, blockade of the NMDA receptors causes a cessation of the membrane potential oscillations, which therefore appear to depend on an activation of this type of receptor. Accordingly, removal of the agonist NMA from the medium will make the oscillations decrease in frequency and amplitude, and they will eventually disappear (Fig. 2 , D, E; Sigvardt et al., 1985) .
Having established that the membrane potential oscillations Figure 2. Dependence on NMDA-receptor activation for the induction of TTX-resistant membrane potential oscillations. Upon addition of the specific NMDA-receptor blocker 2-APV (B), the frequency of oscillations decreased and eventually they ceased (continuation of traces, cant), with the membrane potential maintained at the hyperpolarized level. After washing out the blocker (C'), oscillations reappeared. For reference, dotted lines in A and B indicate the same membrane potential level. Perfusion fluid contained 0.15 mM NMA and 3 PM TTX throughout A-C, and the cell was constantly hyperpolarized with -1.6 nA of DC current. D and E, Records from another neuron, in which upon removal of NMA (E), oscillations decreased in frequency and amplitude before the membrane potential became flat at a hyperpolarized level. The cell was constantly injected with -0.8 nA hyperpolarizing current. require activation of NMDA receptors, it became important to study whether the underlying mechanisms depend on the voltage-dependent properties of the NMDA-gated ionic channels, properties that are in turn attributed to a voltage-dependent blockade by magnesium ions Nowak et al., 1984; Mayer and Westbrook, 1985; cf. Moore et al., 1986) . Experiments were therefore performed in which Mg*+ ions were removed from the perfusion medium, while recording from a neuron in the presence of NMDA and after TTX blockade. In normal, Mg2+-containing physiological solution (1.8 mM), the cell in Figure 3 displayed large-amplitude oscillations without injection of DC current (A); after 12 min ofperfusion with Mg2+-free solution (B), oscillation frequency had increased, and the large hyperpolarizing shifts disappeared, with the membrane potential fluctuating at the more depolarized level. Later (Fig.  3B) , all oscillatory activity ceased, and the membrane potential remained stable at the level of the previous depolarized plateaus. After readministration of Mg2+ ions, partial recovery of the oscillations eventually occurred (Fig. 3C) . To test whether the cessation of the oscillations upon removal of magnesium reflects a true Mg2+ ion dependence or is merely due to a potential shift outside the critical range for the oscillations, DC-current injections were made after the oscillations had disappeared in the Mg2+-free solution (Fig. 30) . Neither depolarizing nor hyperpolarizing current gave rise to any signs of oscillations. During oscillatory activity in the presence of MgZ+ ions, similar amounts of DC current strongly affected the oscillations (see Fig. 1 ). Thus, the NMDA-induced oscillations require the presence of physiological levels of magnesium ions.
In the lamprey spinal cord, fictive locomotion can also be induced by activation of kainate receptors (Brodin et al., 1985) . There is no evidence that kainate receptor activation also induces TTX-resistant oscillations (Fig. 4) . At a kainate concentration suitable to induce fictive locomotion in the absence of TTX (Brodin et al., 1985) no oscillations could be induced (Fig.  40 . The cell was hyper-and depolarized with several different strengths of DC current and was also injected with current pulses in order to try to evoke oscillatory behavior. This was, however, without effect. In contrast, the cell readily displayed oscillations in response to NMA before as well as after the test with kainate (Fig. 4, A, E, F) .
Ionic mechanisms
The oscillatory membrane potential behavior thus appears to be due to an activation of voltage-dependent NMDA-receptors. At a certain membrane potential level the (TTX-resistant) ionic channels associated with the NMDA receptor will open and allow an inward current that will depolarize the cell.
Depolarizingphase. Two obvious candidate ionic species that could generate the depolarizing current are Na+ and Ca2+ (Dingledine, 1983; Flatman et al., 1986) . The possibility that Na+ is responsible was tested by substituting Na+ with Tris in the perfusion medium. This caused a gradual reduction of the oscillation amplitude (Fig. 5, A, B) , followed by a cessation of the oscillations (Fig. 5C ). It is noteworthy that the membrane potential then remained at a more hyperpolarized level (dotted lines indicate the approximate control hyperpolarized potential level). When a Na+-containing physiological solution was again administered, the oscillations returned (Fig. 5D ). Na+ ions, entering through the NMDA-receptor-activated channels, thus appear to play a major role in the depolarizing phase of the oscillatory cycle. Removal of Ca2+ from the perfusion medium during ongoing oscillations will cause the membrane potential to remain at the depolarized plateaus for progressively longer periods of time and eventually be maintained at that level (Grillner and . Before the oscillations ceased, the de- polarizing phase remained similar in form to the control situation. Neither the depolarization shift nor the maintained depolarization thus appears to depend on the presence of Ca2+, and thus CaZ+ cannot be the main carrier of the depolarizing current. Conventional CaZ+ -channel blockers such as Mn2+ and Co2+ were not used, since they also interfere with ionophores activated by NMDA receptors (Ault et al., 1980) . The depolarizing phase is counteracted by an activation of voltage-dependent K+ channels, since administration of tetraethyl ammonium will markedly enhance the amplitude of the depolarizing phase . This suggests that the peak level of the depolarization results from a balance between the depolarizing action of the NMDA-gated channels and the hyperpolarizing action of the voltage-dependent K+ channels, which will make the membrane potential stop at a certain plateau level before the fast repolarization starts. Repolarizing phase. As described above, removal of Ca2+ prevents the repolarization in oscillatory cells. This finding sug- Figure 4 . Comparative test of the ability of NMA and kainate in eliciting TTX-resistant oscillations. A, Under control conditions with 0.15 mM NMA, the cell readily showed membrane potential oscillations when hyperpolarized with DC current (-1.6 nA). B, Upon washout of NMA, the cell hyperpolarized and oscillations ceased. C, After addition of kainate (20 PM), oscillations could not be elicited, although a variety of DC current levels as well as pulses were tested. When NMA was again tested, the recording became "unstable" at -1.6 nA DC current (D), and the cell started to show oscillations when the current strength was increased only slightly (-1.8 nA, E and 0. Throughout A-F, solutions contained 3 PM TTX. Time indications in C-F are minutes after perfusion start of respective test solution.
gests that the initial part of the repolarizing phase could be caused by the activation of Ca*+-dependent K+ channels, To further investigate this possibility, Ca2+ was replaced with Ba2+ in the medium. BaZ+ will enter through Ca*+ channels, but it will not activate the Ca2+-dependent K+ channels (Meech, 1978; Hagiwara and Byerly, 198 1) . The effects of substituting Ca2+ with Ba2+ are shown in Figure 6 . In Ba2+-containing physiological solution, the depolarization peaks became longer (Fig.  6, A, B) , and the depolarized plateau flatter. The oscillations eventually stopped, with the membrane potential remaining at the depolarized level (Fig. 6, C', D) . These effects were essentially the same as those occurring upon Ca*+ removal . It should be noted that even when the cell remains at a constant depolarized level, the membrane potential can be shifted to a hyperpolarized stable level by a short-lasting A CONTROL (NMA 0.15mM) hyperpolarizing current pulse (Grillner and Wall&r, 1985) . These results are thus in agreement with the suggestion that the repolarizing phase involves a Caz+-dependent K+ conductance. in experiments with intracellular current injection during fictive locomotion. Since the TTX-resistant oscillations are strongly dependent on the membrane potential level and are also influenced by injected current pulses (Walltn and Grillner, 1985) one would expect that intracellular stimulation during fictive locomotion might perturb the activity pattern in a way predicted by the results from the same kind of stimuli delivered during TTX blockade. Figure 7 , A-C, illustrates an experiment in which a motoneuron was injected with constant depolarizing (A) or hyperpolarizing current (C). The changes in shape of the potential fluctuations compared to the control condition (Fig. 7B ) are evident. When the cell was depolarized (Fig. 74 , the onset of the depolarization occurred earlier with respect to the ventral root burst (note vertical interrupted lines, see Fig. 7B ). Hyperpolarizing DC current resulted in later onset of the depolarization peak (Fig. 7C) . These results are not readily explained if the membrane potential oscillations were due to synaptic input alone but would be compatible with voltage-dependent membrane properties being involved in the formation of the oscillatory wave (see above; Fig. 1 ). By adding TTX after these records were taken, it was confirmed that this neuron displayed inherent membrane potential oscillations (not illustrated). In Figure 7 , D, E, the effects from intracellular pulse stimulation during fictive locomotor activity are shown in another cell. A hyperpolarizing pulse given during the phase of depolarization can reduce the size of the depolarizing peak ( Fig. 7D:1) , and if delivered somewhat later in the cycle, it can terminate the depolarization prematurely and also delay the onset of the following depolarization ( Fig. 70:2) . Conversely, a depolarizing pulse can instead augment the depolarization phase (Fig. 7E) . These effects would also be compatible with an involvement of voltagedependent membrane properties. The interpretation of these findings was further corroborated in experiments with MgZ+-free solution, in which the voltagedependent properties should not be operative (see above). The neuron of Figure 8 was tested in ordinary physiological solution (A) with DC-current injection and also in Mg2+-free solution (B). In Figure 8A the change in shape of the oscillations is evident, as is the earlier onset of the depolarization during positive current injection (Fig. 8A:1) and the later onset during Positive DC current (I; + 1.5 nA) resulted in an earlier onset of the depolarization phase (interrupted vertical lines indicate VR burst onset) and a broader peak. Conversely, with hyperpolarizing DC current (3; -1.5 nA), the depolarization shift occurred later with respect to the burst, and the depolarization peaks became more narrow. B, Results from the same cell using the same stimulus paradigm in the absence of Mg2+ ions and during fictive locomotion evoked by addition of 10 PM NMDA. Neither depolarizing DC current (I) nor hyperpolarizing current (3) yielded any changes of the membrane potential oscillations such as those that occurred in the presence of Mg2+ (A). The motoneuron was recorded with a K-acetate electrode. Time and voltage calibration (intracellular traces) at lower right applies to all records.
hyperpolarizing DC current (Fig. 8A: 3). After removal of Mg2+ ions fictive locomotor activity can still be produced, but since the blocking action of Mg2+ is no longer present, the threshold dose of NMDA is substantially lowered Fig. 8B) . In Mg2+-free solution, the neuron in Figure 8 displayed rather regular oscillatory activity at a similar rate with a 10th of the NMDA dose (Fig. 8s ) compared with the control situation with magnesium (Fig. 8A) . In addition, the ventral root activity is weaker and less regular in the absence of Mg2+ (see Brodin and Grillner, 1986) . In Mg2+-free solution, DCcurrent injection clearly did not produce the effects described above on the oscillatory pattern of the cell (Fig. 8B ). There was no consistent change either in oscillation shape or in timing of depolarization onset relative to the ventral root burst (Fig. 8 , B:I-3). Thus, the voltage-dependent gating of the NMDA-receptor channels appears responsible for the described effects on the oscillatory activity (see Discussion).
Occurrence of oscillatory membrane properties in d&erent types of neurons Recordings were made from several types of identified neurons in order to estimate the distribution of oscillatory membrane properties among neuronal classes. Of the 156 neurons tested to date, 67 were identified morphologically and/or physiologically (see Materials and Methods). The results are summarized in Table 1 . The majority of identified and tested motoneurons showed oscillatory activity in TTX. CC interneurons and many unclassified interneurons are also able to generate TTX-resistant oscillations. However, when testing lateral interneurons, dorsal cells, and edge cells (Rovainen, 1979; Grillner et al., 1984) , none could be made to produce the oscillations.
As demonstrated above (Fig. 2) , the occurrence of TTX-resistant oscillations depends on NMDA-receptor activation. Such activation also causes a general depolarization of the cell. A quantitative study of the depolarizing response to NMDA-receptor activation has not been performed in oscillatory neurons, but in one motoneuron that showed TTX-resistant oscillations, the net hyperpolarization following removal of NMA (150 PM) was estimated to be about 15 mV. Dorsal cells (313) and edge cells (3/4) did not change their level of membrane potential when NMA (150-300 WM) was administered, presumably, therefore, they have no or few NMDA receptors. One edge cell was depolarized by 2 mV by NMA.
Discussion
Ionic mechanisms of TTX-resistant membrane potential oscillations The membrane potential oscillations seen in a significant proportion of neurons in the lamprey spinal cord after TTX blockade clearly require an activation of NMDA receptors. Not only do the oscillations disappear when the agonist (NMA) is removed, but also upon specific NMDA receptor blockade (Fig.  2) . This blockade leaves the membrane potential at a more hyperpolarized level, showing that the activation of NMDA receptors gives rise to a depolarizing current during TTX blockade also. If one assumes that the degree of depolarization reflects the density of NMDA receptors on a given cell, it appears likely (Table 1) that the ability to produce TTX-resistant oscillations is related to the NMDA-receptor density. In edge cells, dorsal cells, and lateral interneurons-in which oscillations could not be evoked-the density of NMDA receptors would appear to be low. It would thus seem important to establish whether the depolarizing action of NMDA in known concentrations varies between different cells and whether this action is correlated to the ability to produce oscillations. Obviously the blend of other types of membrane channels in a given neuron will also influence the responsiveness of the cell.
The fact that the membrane potential starts to oscillate between 2 levels suggests that bistable membrane properties are brought into action. Indeed, using voltage clamp it has recently been demonstrated that NMDA application induces a region of negative slope conductance in lamprey oscillatory neurons also (Moore et al., 1986; cf. MacDonald et al., 1982; Flatman et al., 1983 Flatman et al., , 1986 which is likely to reflect the voltage-dependent block by Mg2+ ions. Accordingly, removal of Mg2+ makes the oscillatory activity cease (Fig. 3) . During Mg*+ ion removal, the decreasing blocking action on the NMDA-gated channels presumably accounts for the initial increase in oscillation amplitude and frequency. In the absence of magnesium, the blockade of the NMDA-gated channels is removed with the channels remaining open, leading to a nonoscillating membrane potential maintained in a depolarized state (Fig. 3B) . The voltage-dependence of the oscillations is further corroborated by the finding of a strong correlation between oscillation frequency and the membrane potential level (Fig. 1) .
It is generally assumed that the depolarizing current following NMDA-receptor activation is primarily carried by Na+ ions (see Mayer and Westbrook, 1987) . Recent data show that both Ca*+ and Na+ ions will pass through the NMDA ionophore but that Na+ ions will dominate and carry most of the current (MacDermott et al., 1986) . Our results suggest that Na+ is the major carrier in the case of lamprey neurons also. Since Ca2+ removal does not significantly affect the depolarizing trajectory a contribution from Ca*+ ions would presumably be small. The repolarization phase, on the other hand, appears to require the presence of CaZ+ ions, which suggests that Ca2+ ions also in lamprey actually are transmitted through the NMDA ionophore. It also suggests that Ca2+-dependent K+ channels could contribute to the repolarization. The results obtained when Ca*+ was substituted with Ba2+ corroborates this suggestion, since Ba2+, while replacing Ca*+ in Ca2+ channels, and presumably also in NMDA-gated channels, will not activate the Ca2+-dependent K+ channels (Meech, 1978; Hagiwara and Byerly, 198 1) . The ionic events during the NMDA-receptorinduced membrane potential oscillations can then be summarized as follows ( Fig. 9 ): Under the influence of NMDA, the membrane potential will depolarize (1) until a level is reached at which the voltage-dependent blockade by Mg2+ of the NMDAgated channels is markedly reduced, leading to a fast regenerative depolarization (2). The depolarizing current is mainly carried by Na+. At this point, a TEA-sensitive K+ current will partly counteract the depolarization and a plateau will be reached (3). Ca2+-dependent K+ channels, activated by a gradual accumulation of Ca2+ entering through the NMDA-gated channels during the depolarization, will then hyperpolarize the membrane until a level is reached (4), at which the NMDA-gated channels will close due to a return of the voltage-dependent block, the membrane potential will then rapidly repolarize to the hyperpolarized level (5). Since no new CaZ+ will enter through the closed NMDA channels, the intracellular Ca2+ level will decrease and thus also the number of Ca2+ -activated K+ channels, leading to a gradual depolarization. When the depolarization reaches the threshold for the voltagedependent gating of the NMDA channels, a new cycle will start. This scheme could thus account for the main features of the observed oscillatory behavior. However, additional contributing mechanisms can certainly not be excluded at present. Further voltage-clamp studies are needed in order to get more quantitative information about the underlying ionic currents.
Possible functional significance
The results presented show that a selective activation of NMDA receptors by bath application of the agonist can give rise to pacemakerlike potentials when TTX has been administered. During fictive locomotion induced by application of NMA at the same low concentration, presumably giving rise to an activation of a similar number of NMDA channels on the neurons, the motor pattern is coordinated by phasic synaptic potentials. The synaptically driven membrane potential oscillations also appear to involve voltage-dependent properties ofNMDA channels under these conditions (Figs. 7, 8 ) since they are affected by DC shifts, current pulses, and removal of Mg2+ ions in an analogous way to that found with the pacemakerlike potentials observed after TTX.
However, locomotion is not normally induced by bath application of excitatory amino acids, but rather by descending or sensory pathways, both of which utilize excitatory amino acid and Grillner * NMDA-Induced Oscillations i n Lamprey Neurons transmission (Brodin and Grillner, 1985a; Christenson et al., 1986; Brodin et al., 1987; see Grillner et al., 1987a) , as do the excitatory premotor intemeurons used during fictive locomotion (Buchanan and Gt-illner, 1987) . The membrane potential oscillations elicited by premotor intemeurons in motoneurons depend on both kainate and NMDA-receptor activation (Dale, 1986; Dale and Grillner, 1986) . The relative role of the voltage dependence of the NMDA channels in contrast to the non-NMDA-mediated EPSPs remains to be elucidated. Previous studies with recordings of the motor pattern suggest that an NMDA-receptor activation in the presence of magnesium is of particular importance to maintain a slow, steady rate of swimming Grillner, 1985a, 1986) , whereas faster swimming can occur also after a blockade of NMDA receptors. Voltage-clamp studies are in progress to investigate further the role of the voltage dependence of the NMDA channels during fictive locomotion (Moore et al., 1987) .
